We report the first experimental evidence for direct particle acceleration by stimulated emission of radiation. In the framework of this proof-of-principle experiment, a 45 MeV electron macrobunch was modulated by a high-power CO 2 laser and then injected into an excited CO 2 gas mixture. The emerging microbunches experienced a 0.15% relative change in the kinetic energy, in a less than 40 cm long interaction region. According to our experimental results, a fraction of these electrons have gained more than 200 keV each, implying that such an electron has undergone an order of magnitude of 2 10 6 collisions of the second kind.
A growing demand for compact accelerators in medicine, nanoscience, and high-energy physics has triggered an intensive effort in search of novel acceleration concepts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Presently, particles are accelerated by microwave radiation stored in a macroscopic cavity or in a series of coupled cavities, either one storing a few hundreds of joules. The maximum stored energy is limited primarily by the breakdown characteristics of the metallic surfaces. Operation at optical wavelengths [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] not only reduces but in many cases virtually eliminates this problem, and it obviously benefits from significantly more energetic photons. In all the various paradigms which use energy at optical wavelengths, the energy is stored in an active medium, eventually being converted into a laser pulse, facilitating acceleration according to the specific interaction mechanism. In this Letter, we report the first experimental evidence for direct particle acceleration by stimulated emission of radiation (PASER) [15] [16] [17] [18] [19] [20] , namely, energy stored in microscopic cavities (e.g., molecules) may be directly utilized for electron acceleration.
Motivated by the possibility of accelerating charged particles by radiation at optical wavelengths, we now take a closer look into the amplification (absorption) of radiation and acceleration (deceleration) of particles at the microscopic level. This brings us to the early days of quantum mechanics when Franck and Hertz [21] were the first to demonstrate (1914) that an electron moving in the vicinity of a mercury atom transfers part of its kinetic energy to a bounded electron in discrete amounts, causing it to jump from a lower to a higher energy state -as illustrated schematically in Fig. 1(a) . Eventually, the bounded electron returns to its original level by spontaneously emitting a photon. Later, in 1930, Latyscheff and Leipunsky demonstrated the feasibility of the inverse process [22, 23] . Relying on the fact that stimulated absorption of radiation reveals itself as a transition of the atom's outer electron from a low to an upper energy state, they illuminated vapors of mercury with light from a mercury lamp. When a free electron was injected into the vapors, it was found that it may gain energy in quanta corresponding to that stored in the mercury atoms. In this process, the outer electron in the excited atom has dropped to the lower energy state, delivering the energy to the free electronthe process being known as ''collision of the second kind'' [22] ; Fig. 1(b) illustrates schematically this process. Both the Franck-Hertz as well as the Latyscheff-Leipunsky experiments were designed for a single encounter of a free electron with a mercury atom, and, naturally, the electron's energy gain (or loss) was of the order of a few electron volts.
It was only in 1958 that Schawlow and Townes [24] demonstrated the use of the energy stored in atoms for the amplification of radiation by a series of multiple collisions of the radiation with excited atoms. Nowadays, after another 50 years, it is the present Letter that provides the first experimental evidence of acceleration of electrons by multiple collisions with excited molecules. In order to clarify the concept, let us point out that what is well known as light amplification by stimulated emission of radiation (LASER) occurs when a photon of energy, corresponding to that of the excited atom, impinges upon the latter. The outcome is two identical photons and a nonexcited atomsee Fig. 1(c) . Evidently, in order to attain a significant amplification, multiple collisions of this kind must occur. By analogy, Schächter [15] [16] [17] [18] [19] [20] has demonstrated theoretically that successive particle acceleration by stimulated emission of radiation (PASER) may also take place. According to the 200 keV energy gain, as subsequently reported here, and since each CO 2 molecule stores about 0.1 eVof energy, such an electron undergoes about 2 10 6 collisions.
Based on the aforementioned LASER analogy, one should be aware of the fact that the electron-medium interaction is limited to the close vicinity of the resonance. Therefore, from the perspective of a single moving particle, it is quite clear that in the laboratory frame of reference its electromagnetic spectrum is broad, and, as a result, the effect of the medium on its energy is expected to be minuscule. In order to overcome this difficulty, rather than injecting a single particle, a train of microbunches is assumed to be launched -its periodicity being identical with the resonance of the medium [20] . In this way, the field component of the train, corresponding to the resonance frequency of the medium, becomes dominant. Figure 1 (d) illustrates schematically the interaction from the perspective of a single atom: A bunch emits a virtual photon impinging upon an atom, and, as a result, a photon is emitted from the atom. The two resulting photons are absorbed by the bunch since their phases are identical, and, consequently, the kinetic energy increases; obviously, by the end of the process, the atom returns to its ground state.
Before proceeding to describe the experiment, it is enlightening to examine this novel concept from a slightly different perspective. In principle, virtually any macroscopic process that generates radiation may be used to accelerate charged particles. For example, on the one hand, an electron wiggling in a periodic magnetic field is decelerated since it generates radiation of certain characteristics. On the other hand, acceleration of the wiggling electron may be achieved by illuminating the interaction region with a proper laser beam [13, 25] . The experimental results reported here indicate, for the first time, that the inverse of the LASER effect may also be used to accelerate electrons.
The proof-of-principle experiment was carried out at the Brookhaven National Laboratory Accelerator Test Facility (BNL-ATF). This facility features a photocathode-driven linear accelerator and a high-peak power CO 2 laser. A wiggler, in which a laser beam interacts with a traveling quasi-mono-energetic macrobunch of electrons, facilitates the velocity modulation of the electrons [26, 27] , which subsequently, after an appropriate drift region (2.5 m), is converted to density modulation (train of microbunches). The essence of the experiment, illustrated schematically in Fig. 2 , is to determine the impact of the energy stored in a gas mixture on this train of microbunches. Table I elucidates the e-beam and the laser parameter values used in the course of the experiment, as well as the main parameters characterizing the wiggler.
Typically, a single microbunch is about 1 m long [26, 27] , corresponding to an ultrashort pulse of only several femtoseconds. In order to achieve optimum density modulation at the entrance of the PASER cell, there is a well-specified laser power that needs to be delivered to the interaction region in the wiggler. In our setup, this optimal modulation is achieved as the CO 2 pulse generates a 1:5% peak-to-peak energy modulation. Either stronger or weaker modulation at the wiggler leads to less than optimal modulation.
After the drift region, the train of microbunches enters the PASER cell, which contains a mixture of CO 2 CO 2 :N 2 :He2:2:3, held at a pressure of about 0.25 atm, and activated by a 1 sec discharge driven by a 130 nF low inductance capacitor, initially charged to 30 kV. The discharge is facilitated by two 40 cm 12 cm aluminum electrodes which are 2.5 cm apart. Two diamond windows of 1 mm diameter and 2 m thickness each are attached to both ends of the PASER cell. For the typical values mentioned above, electrical measurements (voltage and current) of the discharge indicate that an energy of the order of 200 mJ is estimated to be stored at the resonance frequency of the medium, within the volume of the interaction. For comparison, the kinetic energy of the train is 5 mJ. Moreover, the average distance between two adjacent excited molecules may be estimated to be of the 
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134801-2 order of magnitude of 20 nm, implying that in one dimension, along the 40 cm of the PASER cell, there is a potential of 20 10 6 collisions; for the adequate perspective, at the operating pressure, the average distance between two molecules in the mixture is about 5 nm. One last comment regarding the cell: It should be emphasized that, at the operating pressure, Cherenkov radiation starts to occur for particles with energy exceeding the 50 MeV level. Nevertheless, its competition with the PASER scheme is negligible.
A high resolution 8 bend magnet spectrometer with energy acceptance of up to 5%, located downstream of the PASER cell, was employed for detecting the resulting time-integrated energy distribution of all electrons in the e-beam. Because of the absence of focusing magnets on the 40 cm long PASER cell, the internal repulsion forces, scattering in the input and output diamond windows, as well as scattering from the gas mixture, are responsible for measuring a charge of only 60 pC, at the spectrometer, corresponding to a transmission of about 60%. This transmission is consistent with a Coulomb beam divergence of 3 mrad, as evaluated theoretically adopting the multiple Coulomb scattering approximation.
At this stage, it is essential to clarify the time scales involved. Specifically, since the synchronization of the CO 2 laser and the accelerator at the ATF were described elsewhere [26, 27] , we focus on the synchronization of the PASER system. Obviously, it is imperative to synchronize the e-beam arrival with the discharge triggering. As the gas mixture is excited, its population is inverted, and, being in a metastable state, the population inversion decays on a time scale of milliseconds. In addition, we should bear in mind that the jitter of the spark gap used to ignite the discharge in the cell is less than 1 sec. Therefore, the train of bunches has been injected with a delay of about 10 sec after the discharge was fired, ensuring that the former interacts with an excited gas and that the electrodes' voltage has virtually no impact on the e-beam.
In order to examine the PASER effect, pairs of shots with discharge on and off were recorded for different peakto-peak energy modulations (1%-3%). Regardless of the presence of the cell, a shot-to-shot jitter of up to 50 keV in the energy spread of the e-beam was measured at the spectrometer. Any increase beyond this value is conceived to result from acceleration due to the active medium, since the only other energy source, the CO 2 laser pulse, was kept the same -to be more accurate, only shots when the laser intensities were virtually the same have been considered. Figure 3 shows typical images recorded by the spectrometer's camera. Figure 3(a) shows the e-beam energy distribution with the discharge off, while Fig. 3(b) shows the energy distribution with the discharge on. The center and the width of the image match the mean energy and the energy spread of the e-beam, correspondingly; in both cases, a peak-to-peak energy modulation of about 1.5% was measured. Evidently, a well-defined broadening to the left in the energy spread of Fig. 3(b) relative to Fig. 3(a) is observed, corresponding to an energy increase of about 0.45%, i.e., 200 keV.
The energy spectra, corresponding to the raw images of the spectrometer illustrated in Fig. 3 , are presented in Fig. 4 ; the areas under both curves have been normalized to unity, and, therefore, the ordinate represents the density probability of finding an electron in the energy range E ! E dE. Inspecting the two curves, we observe that the energy spectrum when the discharge is on is wider than that without discharge. Moreover, the peak of higher energies in the case when the discharge is on is shifted towards higher energies-in comparison to the case when the discharge is off. This shift is a clear indication for particle acceleration due to energy stored in the excited gas.
Based on these curves, we evaluated the relative change in the kinetic energy of the macrobunch (discharge on/off), and it is estimated to be 0:15%, which corresponds to an increase of 5 J in the kinetic energy. The latter is in good agreement with an analytic 2D theory, developed for the evaluation of the energy exchange between an azimuthally symmetric relativistic train of microbunches and an active medium. The area covered by the shifted part of the spectrum provides us with an estimate of the number of electrons accelerated. This area is about 15% of the total area covered by the spectrum, implying that at least 15% of the electrons reaching the spectrometer were accelerated. Since it is well known that an accelerating field tends to kick electrons off axis, we do not rule out the possibility that even a larger fraction of the electrons from the 40% which did not reach the spectrometer were also accelerated.
The signature of the acceleration is sharpened in Fig. 4(b) , where the difference between the spectra is   FIG. 3 (color) . Raw video images from the electron energy spectrometer. Energy dispersion is in the horizontal direction. (a) Discharge is off in the PASER cell. (b) Discharge is on in the PASER cell. In both cases, 1:5% peak-to-peak energy modulation was imparted.
presented. At this point, it is worth indicating that, in practice, only 50%-at the most-of the total amount of charge injected is actually modulated as the macrobunch traverses the wiggler [26, 27] . Therefore, no more than 50% of the electrons collected at the spectrometer may have experienced modulation -as our analytic model indicates, no net energy exchange is achieved in the absence of modulation. Consequently, the figure of merit of 15% of accelerated electrons is a significant underestimate.
In conclusion, we have observed particle acceleration by stimulated emission of radiation. In the framework of this proof-of-principle experiment, direct interaction of a train of relativistic electron microbunches with an excited CO 2 gas mixture was measured. An overall gain of 0.15% in the kinetic energy of a 0.1 nC-45 MeV bunch was recorded, corresponding to about 2 10 6 coherent collisions of an accelerated electron with the excited molecules of the CO 2 mixture. The demonstration of this coherent process was the main goal of our study. Future experiments will aim to significantly enhance the acceleration gradient, which in the present experiment was of the order of magnitude of 0:5 MeV=m.
